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The effects of three types of defect (i.e., twomicro defects—broken ﬁbers and separation of ﬁber joints and
one macro defect—crack) on the mechanical properties of porous metal ﬁber sintered sheets (MFSSs) are
investigated by a combination of numerical simulation, analytical modeling, and experimental test. All
simulations are based upon the previously developed micromechanics random beam model (Jin et al.,
2013). Brokenﬁbers are realized by removing cell edges (i.e., ﬁbers between two joints) in an otherwise per-
fect model. Their induced decreases in the elastic moduli and strengths are found to be much lower than
those of two dimensional (2D) foams and Kagome grids. For the defect in the form of separation of ﬁber
joints, both analytical and numerical models are developed. The predicted linear decreases in the moduli
and strengths (except for the compressive strength) with increasing number of separated ﬁber joints indi-
cate thatMFSSs be insensitive to the defect of joint separation. To explore the effect of crack, fracture tough-
ness of MFSSs is measured and is found to be signiﬁcantly higher than that of metal foams of the same
relative density (i.e., volume fraction of the constituent solid material). The underlying ductile mechanism
of MFSSs is further investigated by numerical simulations, showing that plastic deformation spreads all
over theﬁbers in ligament rather than concentrates around crack tip. This study shows thatMFSSs are supe-
rior in view of their resistance to the considered micro-defects and crack.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Porous materials (e.g., honeycombs, foams) have been proved to
have attractive energy absorption, thermal, acoustic, and electrical
properties and are applied in a wide range of engineering applica-
tions (Ashby et al., 2000; Banhart, 2001; Gaitanaros et al., 2012;
Gibson and Ashby, 1997; Papka and Kyriakides, 1994). Recent
advances in the cold drawing technique and bundle drawing meth-
od promoted the development of porous metal ﬁber sintered
sheets (MFSSs) used for anodic gas diffusion backing (Arvay
et al., 2012), ﬁltration net (Liu and Canﬁeld, 2012), sound absorp-
tion (Zhang and Chen, 2009), catalyst support (Guo et al., 2010),
advanced battery system (Cheng and Sastry, 1999) and structural
components (Kaya et al., 2002; Markaki and Clyne, 2003a; Zhou
and Stronge, 2005).
To facilitate the applications of ﬁbrous porous materials, a
mature understanding of their mechanical properties is essential.
Ducheyne et al. (1978) measured the elastic moduli, yield strengthand failure of porous austenitic stainless steel ﬁber structures with
relative density greater than 40% and ﬁber diameter of 50 lm, for
potential applications as surface coatings of implants. In recent
years, ﬁbrous materials with lower relative densities (<30%) and
ﬁber diameters (e.g., around 25 lm) have been produced (Markaki
and Clyne, 2003a, b). Their strength and energy absorption proper-
ties make them excellent candidate as structure components, such
as the core of sandwich panels or even independent plates (Xi
et al., 2011). In general, MFSSs are not isotropic. A micromechanics
unit cell model composed of a single ﬁber was developed to predict
the anisotropic mechanical properties of the steel ﬁber core (Mark-
aki and Clyne, 2003a), in which the interaction among ﬁbers is
neglected as the concerned sandwich sheets are only about
1–1.5 mm thick. Copper ﬁber sintered sheets with a three-
dimensional network structure and thickness up to 10 mm were
produced via solid-state sintering (Zhou et al., 2009). Through uni-
axial tension, compression and simple shear tests, the stress–strain
curvesweremeasured andwere found to be relative density depen-
dent (Zhou et al., 2012). MFSSs are produced by the layer-by-layer
technique and are transversely isotropic, with the isotropic plane
being the layer plane. Different from lattice materials with ordered
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2013; Vigliotti and Pasini, 2013), MFSSs are stochastic. The stochas-
tic ﬁbrousnetworkswere investigatedbyusing a representative vol-
ume element (Wang and Sastry, 2000). With ﬁbers modelled by
Timoshenko and Euler Bernoulli beams, the predicted mechanical
properties could be very different if the variance of segment length
and direction of ﬁbers is signiﬁcant. The results showed that the
deformation due to transverse shear of beams should be considered
in the ﬁnite element model of stochastic ﬁbrous networks. Based
uponX-ray tomography images and the afﬁne deformation assump-
tion, Tsarouchas and Markaki (2011) formulated a micromechanics
model for the elastic properties of MFSSs. Recently, a two dimen-
sional (2D) micromechanics random beam model was developed
by Jin et al. (2013). The linear dependence of the elastic moduli
and yield strengths upon the relative density predicted by the ran-
dombeammodelwas found to agreewellwith available experimen-
tal results (Zhao, 2013).
It has been shown that the macroscopic elastoplastic properties
of porous materials are sensitive to defects generated either from
material processing or during in-service life (Attia et al., 2010;
Chen et al., 1999; Grenestedt and Bassinet, 2000; Rafsanjani
et al., 2012; Silva and Gibson, 1997). For instance, only 1% of frac-
tured cell edges can reduce the hydrostatic strength of 2D honey-
combs by 90% (Chen et al., 1999). Such a signiﬁcant reduction is
due to the stretching–bending transition of the deformation mech-
anism of cell edges. There are several potential micro-defects in
MFSSs, e.g., broken ﬁbers, which is equivalent to fractured cell
edges in honeycombs and 2D foams, and separation of ﬁber joints.
The latter is of especial concern because the joints produced by a
sintering technique may not be perfect, giving rise to separation
of the ﬁbers at the joints. Other common defects such as waviness,
non-uniform cell edges (Chen et al., 1999) are generally absent in
MFSSs because the constituent ﬁbers produced by the cold draw-
ing technique are straight and almost uniform in diameter.
Although the resistance to delamination of ﬁbrous sheet in the
thickness direction was studied by Markaki and Clyne (2003b),
the effects of micro-defect within the isotropic plane of MFSSs have
yet been quantiﬁed.
The ability to resist macro-defects such as cracks has always
been considered to be important in materials science. Even for duc-
tile porous materials, cracks are dangerous due to crack tip stress
concentration. The fracture of porous aluminum foams were inves-
tigated through experiments and simulations (Andrews and Gib-
son, 2001; Combaz and Mortensen, 2010; Kashef et al., 2010;
McCullough et al., 1999; Motz and Pippan, 2002). Owing to the
ductility of the constituent materials and cohesive zone generated
by un-cracked cells, J-integral and the crack tip opening displace-
ment (CTOD or COD) rather than the stress intensity factor (SIF)
were mostly adopted to characterize the toughness of metallic
foams. Measured fracture toughness of porous materials was found
to be relative density dependent and inﬂuenced by the cell mor-
phology and the ultimate tensile strength of the constituent solid
material (Andrews and Gibson, 2001; Combaz and Mortensen,
2010; Kashef et al., 2010; Motz and Pippan, 2002). For MFSSs, how-
ever, the effects of crack on the failure have yet to be elucidated.
In this study, the effects of three types of defect (two micro de-
fects—broken ﬁbers and separation of ﬁber joints and one macro
defect—crack) on the mechanical properties of MFSSs are explored.
In Section 2, based on the previously developed random beam
model for perfect MFSSs (Jin et al., 2013), several numerical models
are constructed for MFSSs with different types of defect. For the
separation of ﬁber joints, an analytical model is developed to com-
pare with numerical simulations. The testing method employed to
measure the fracture toughness of MFSSs is also brieﬂy introduced.
The effects of micro-defects and crack are discussed in Sections 3and 4, respectively. The paper is concluded with a few remarks
in Section 5.
2. Analysis and experiment methods
2.1. Finite element random beam models with defects
The MFSSs to be considered are transversely isotropic, with the
isotropic plane being the in-plane denoted by the x–y plane in
Fig. 1(a). Within the in-plane, ﬁbers are randomly distributed.
Experimental results show that the in-plane moduli and strengths
of MFSSs are superior to those in the transverse direction and the
Poisson’s ratio in the thickness direction is close to 0 (Jin et al.,
2013; Zhao et al., 2013). It is noted that Jayanty et al. (2011) re-
ported negative transverse Poisson’s ratios of ﬁber networks (in
the range between 18.4 and 5.4). The discrepancy is believed
to lie in that different manufacturing technologies are employed
to produce the ﬁber networks. In our preparation (Jin et al.,
2013; Zhao et al., 2013), a proper pressure is applied in order to en-
sure the quality of sintering between ﬁbers. Such pressure with no
doubt leads to mat compression which, as pointed out by Jayanty
et al. (2011), can result in signiﬁcantly different transverse Pois-
son’s ratios. The observed near zero transverse Poisson’s ratios
for the MFSSs in this study implies that the deformation in the iso-
tropic plane and that in the thickness direction are independent
from each other, which is also validated by the fact that the mea-
sured transverse shear modulus is one order of magnitude lower
than the in-plane one (Zhao and Chen, 2014). It is thus desirable
to develop a two dimensional (2D) model to simulate the in-plane
mechanical behaviors of MFSSs. The random beam model by Jin
et al. (2013) is employed and modiﬁed here to investigate the ef-
fects of the micro- and macro-defects on the in-plane mechanical
properties (i.e., moduli, strength and toughness) of MFSSs. A brief
introduction of the model is presented below.
The random beam model is generated by overlapping random
lines of prescribed length within an s s square, as illustrated in
Fig. 1(a) and (b) for a MFSS with relative density of 0.25 and ﬁber
diameter of 12 lm and in Fig. 1(c) for a typical random beammod-
el. One can see that the established random beammodel resembles
closely the cell morphology of the MFSS.
The relative density of materials is deﬁned as
q
qs
¼ t
P
l
s2
ð1Þ
where t is theﬁberwidth (unit thickness assumed) and
P
l is the total
lengthof all generatedﬁbers (i.e., lines). All numericalmodels inpres-
ent study are generated with the size s of 140 times of the cell size,
which is large enough to exclude the dependency of simulation re-
sults on the model size (Jin et al., 2013). The cell size of MFSSs used
in this paper refers to the average cell size and is calculated by
s=
ﬃﬃﬃﬃ
N
p
where N is the total number of cells included in the model.
Prescribed displacement boundary conditions without rotation
constraint are imposed to obtain uniaxial and proportionally biax-
ial stress versus strain responses of MFSSs with or without defects.
In Fig. 1(c), the nodes I and J are deﬁned as a pair of opposite nodes
on the boundary AD and BC; similarly, the nodes K and L are a pair
of nodes on the boundary AB and DC. Under proportionally biaxial
loading, the prescribed displacement boundary condition without
rotation constraint requires that the translation displacements uIx,
uJx, uKy , and u
L
y at I, J, K, and L satisfy
uIx ¼ uKy ¼ 0
uJx ¼ sex
uLy ¼ sey ð2Þ
Fig. 1. Porous metal ﬁber sintered sheet (MFSS), (a) a specimen and the coordinate system, with the x–y plane referring to the isotropic in-plane; (b) a SEM image of the
isotropic in-plane of a MFSS with ﬁbers of diameter 12 lm and relative density being 0.25; (c) a random beam model for numerical simulations.
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in the x and y directions, respectively. The macroscopic stresses are
calculated as
rx ¼ 1s2
P
xJF Jx
ry ¼ 1s2
P
yJF Jy
ð3Þ
where F Jx and F
J
y are the reaction force components at node J, x
J and
yJ are the coordinates of node J, and summation is carried over the
boundary ABCDA. Because we only applied normal loads in the x
and y directions in present study, there is no macroscopic shear
stress/strain for the isotropic in-plane behavior of MFSSs.
In the random beam model, each ﬁber is assumed to be straight
and meshed by 2-node beam elements with shear effect included.
Mesh sensitivity analysis is conducted to ensure numerical conver-
gence. It should be noted that although initially straight ﬁbers in
MFSSs may be curved after sintering, negligence of the ﬁber wav-
iness can render the model much simpler while keeping its accu-
racy. In fact, Jin et al. (2013) have shown excellent agreement
between the model predicted and experimentally measured in-
plane Young’s moduli of MFSSs with relative densities less than
20%, providing further support of the adopted straight ﬁber
assumption. The slight overestimation of the model for higher rel-
ative densities shown in Fig. 5 of Jin et al. may be attributed to the
ﬂexibility induced by the neglected ﬁber waviness, the non-planar
attachment of ﬁbers at nodes (i.e., 3D nature of MFSSs), among
other morphological imperfections. Because buckling and bending
of ﬁbers have already been investigated in Jin et al. (2013) and
found to reduce the compressive strength of MFSSs signiﬁcantly,
the effects of curved ﬁbers are not explored in this paper. The con-
stituent stainless steel ﬁbers are modeled as elastically perfect
plastic with Young’s modulus Es ¼ 210 GPa, Poisson’s ratio,
v ¼ 0:3 and yield strength rys ¼ 290 MPa. Post yielding plastic
ﬂow is assumed to comply with the von Mises yield criterion.
Three types of defect (i.e., broken ﬁbers, separation of ﬁber
joints, and crack) are considered by modifying the random beam
model, as schematically shown in Fig. 2 as follows. (I) Broken ﬁbers
in Fig. 2(a) – To investigate the reduction of the elastic constants
and yield strength due to the defect in the form of broken ﬁbers,
1%, 3%, 5%, and 10% ﬁbers are deleted randomly from an otherwise
intact model. (II) Separation of ﬁber joints in Fig. 2(b) – First, ran-
domly select a joint to be separated; second, delete four ﬁbers
sharing the to-be-deleted joint and the joint itself; third, connect
other remaining four joints of four deleted ﬁbers by only two ﬁbers
which are overlapping but not mechanically interacting with each
other. (III) Crack in Fig. 2(c) – A specimen with a central crack un-
der remote loading in the vertical direction is investigated to study
its failure responses. The width of the crack is less than a half of thecell size of MFSSs to mimic a sharp crack. The crack is able to prop-
agate by introducing additional failure criteria to the ﬁbers in the
simulations.
2.2. Analytical model for the separation of ﬁber joints
In addition to the ﬁnite element model shown in Fig. 2(b), an
analytical model is developed to explore the effects of ﬁber joint
separation on the moduli and strengths of MFSSs. With mass con-
servation taken into account, a perfect MFSS of relative density qr
can be split into two separate perfect MFSSs of relative densities of
qr=m and qr  qr=m, where m > 1 is a constant. The splitting is
achieved by separation of a fraction of ﬁber joints, say a (a < 1),
see Fig. 3 for illustration. Each of the subsequently obtained two
MFSSs with lower relative densities is intact with all joints sin-
tered. With a joints separated, the two split MFSSs together can
only bear lower load than the original MFSSs. In such a circum-
stance, the reduction of the mechanical properties caused by the
separation of a joints is the difference between those of the origi-
nal MFSS of relative density qr and the sum of the two split inde-
pendent but intact MFSSs of relative densities To estimate the
reduction in the mechanical properties due to a complete splitting
of one MFSS into two, the relationship between a and m must be
determined. For an intact MFSS with all joints sintered, the number
of joints k per area is proportional to square of the relative density,
which is
k / q2r or k
qr
m
 
¼ 1
m2
kðqrÞ ð4Þ
where m is a constant. Fig. 3 shows schematically the effect of joint
separation of a MFSS with regular square cells. One can see that Eq.
(4) is exactly true for the MFSS with regular square cells. For MFSSs
with random ﬁbers, Eq. (4) can be deemed to be statistically valid.
Consider a MFSS of relative density qr and joint number kðqrÞ. It
splits into two MFSSs with relative density of qr=m and qr  qr=m
by separating a of originally intact joints. Then, the change of the
total quantity of joints akðqrÞ in a unit area is
akðqrÞ ¼ kðqrÞ  k
ðm 1Þ
m
qr
 
 k 1
m
qr
 
ð5Þ
where the ﬁrst term in the right hand side of Eq. (5) is the number
of joints per unit area of the original MFSS, and the last two terms
are k of the two split MFSSs. Taking Eq. (4) into Eq. (5), we obtained
the relationship between a and m from Eq. (5) as
m ¼ 1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 2a
p
a
ð6Þ
Fig. 2. Three different types of defect in MFSSs: (a) broken ﬁbers, (b) separation of ﬁber joints, and (c) crack.
Fig. 3. Illustration of how to split a MFSS into two separate ones due to separation of ﬁber joints. Note that half joints are separated if m ¼ 2, which is exactly valid for a
regular matrix and statistically valid for an irregular matrix (MFSSs).
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MFSS cannot be realized by splitting one into two independent lay-
ers. For a special case ofm ¼ 2, a MFSS of relative density qr is split
into two independent intact MFSSs of equal relative density qr=2,
the separated joints Dk can be calculated as
Dk ¼ kðqrÞ  2k
qr
2
 
¼ kðqrÞ 
1
2
kðqrÞ ¼
1
2
kðqrÞ ð7Þ
which implies that a ¼ 1=2 if m = 2. It means that the splitting of a
MFSS into two MFSSs with half original relative density can be
achieved by separating 50% of originally intact joints. For this spe-
cial case, the predicted result of our analytical model can be directly
veriﬁed from Fig. 3 for a MFSS with regular square cells and is as-
sumed to be statistically valid as well for MFSSs composed of ran-
domly distributed ﬁbers.
Given the relationships (5) and (6), the reduction of mechanical
properties due to joint separation can be obtained, provided that
the relative density dependent mechanical properties of MFSSs
are known. Speciﬁcally, the mechanical property / of a MFSS with
relative density qr and a joints separated can be expressed as
/aðqrÞ ¼ /
ðm 1Þ
m
qr
 
þ / 1
m
qr
 
¼ / 1 aþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 2a
p
1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 2a
p qr
 !
þ / a
1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 2a
p qr
 
ð8Þ
where /a (a < 50%) refers to the mechanical property of an imper-
fect MFSS with a (in percentage) joints separated, and / is the
mechanical property of a intact MFSS, see Fig. 3 for an illustration
by taking the Young’s modulus as an example. In Eq. (8), the relative
density dependent properties of an intact MFSS without joint sepa-
ration were obtained by Jin et al. (2013)):E
Es
¼ 1:61 101qr þ 4:10 101q2r ð9Þ
j
Es
¼ 1:33 101qr þ 2:36 101q2r ð10Þ
rut
rys
¼ 1:22 101qr þ 2:50q2r ð11Þ
ruc
rys
¼ 2:62 103qr þ 4:66 101q2r ð12Þ
rbt
rys
¼ 1:22 101qr þ 2:48 101q2r ð13Þ
rbc
rys
¼ 7:55 104qr þ 4:74 101q2r ð14Þ
whereE,rut,ruc,rbt, andrbc areYoung’smodulus, bulkmodulus, uni-
axial tensile strength, uniaxial compressive strength, bi-axial tensile
strength, and bi-axial compressive strength of perfect MFSSs of rela-
tive density qr. They are normalized by the Young’s modulus Es and
yield strength rys of the constituent solid material (316L steel). It
should be pointed out that curve ﬁtting with higher order polynomial
terms instead of only linear terms in Eqs. (9)–(14) is used for a better
representation of the numerical results ofMFSSs with 8 different rela-
tive densities in the range between 0.05 and 0.25 (Jin et al., 2013).
2.3. Fracture toughness measurement
The MFSSs used in the toughness tests are produced by sinter-
ing sequentially overlapped 316L stainless steel ﬁber layers. The
ﬁbers in diameter of about 12 lm are prepared by Xi’an Fiat ﬁlter
company Ltd in Xi’an, China. The as-received long ﬁbers are cut
into short ﬁbers of lengths between 10 mm and 20 mm. The short
ﬁbers are then overlapped into ﬁber layers through the air-laid
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and compressed into desired shape and size. Finally, the com-
pressed ﬁber layers are sintered to produce MFSSs by the solid
state sintering technique, with vacuum sintering.
Single edge notched bend specimens (ASME, 2001) are cut from
MFSSs by electro-discharge marching with 10 mm thickness (B),
20 mm width (W) and 100 mm length, as illustrated in Fig. 4(a).
The distance between two supporting rolls is 80 mm (S). The pre-
crack length is about 10.5 mm composed of a notch and a pre-crack
as thin as cell size scale. It is noted that the x-y plane in Fig. 4(a) is
as same as that in Fig. 1. The crack is then expected to propagate
along the y direction in the x–y plane and the measured fracture
toughness represents the resistance of crack propagation along
the isotropic in-plane of MFSSs. Toughness of MFSSs with different
relative densities of 0.17, 0.27, and 0.32 is measured. All specimens
are painted on their front surface to facilitate optical displacement/
strain measurement by using the digital image correlation method.
With the displacement controlled loading, the responses of load
versus load line displacement until unstable crack propagationwere
simultaneously recorded by MTS-858 servo hydraulic testing ma-
chine and ARAMIS 4 M (a system developed by German GOM for
3D surface displacement/strain ﬁeld measurement), see Fig. 4(b).
It is noted that the compliance of a toughness testing specimen
increases as crack advances. The empirical equation provided by
the fracture testing standard (ASME, 2001) is adopted here to pre-
dict the distance of crack propagation based on the measured com-
pliance change. This method have been proved to be effective for
fracture toughness testing of porous materials (McCullough et al.,
1999). In each test, at least 8 loading and unloading cycles are per-
formed to calculate the compliances of the specimen and the cor-
responding distance of crack propagation.3. Effects of micro-defect
3.1. Broken ﬁbers
To explore the effects of broken ﬁbers on the macroscopic elas-
toplastic properties, the stress–strain responses of a series of ran-
dom beam models with 1%, 3%, 5% and 10% broken ﬁbers areFig. 4. (a) Schematic of a notched single edge bend specimen (a part of the
unpainted MFSS specimen is also shown) and (b) experimental setup for fracture
toughness test (the specimen is painted for surface displacement and strain
measurement).simulated under both uniaxial tension and equi-biaxial tension.
The Young’s modulus and uniaxial yield strength are determined
from the initial slope and the 0.2% offset strain deﬁnitions of the
uniaxial stress versus strain curves, respectively. The same meth-
ods are adopted to get the bulk modulus and equi-biaxial yield
strength from the stress–strain responses under equi-biaxial
tension.
The predicted effects of broken ﬁbers on the moduli and
strengths (normalized by those without broken ﬁbers) are summa-
rized in Fig. 5, for a MFSS with relative density of 10% and denoted
by solid symbols. As broken ﬁbers in MFSSs are similar to fractured
cell edges in foams and honeycombs, the effects of fractured cell
edges of C -distributed 2D Voronoi foams (Chen et al., 1999) and
Kagome grids (Symons and Fleck, 2008) are included in Fig. 5 for
comparison (shown as open triangles and squares, respectively).
It is seen that broken ﬁbers/fractured cell edges result in linear
decrease in Young’s modulus, bulk modulus, uniaxial and hydro-
static strengths of MFSSs and the uniaxial strength of 2D Voronoi
foams, but have much more pronounced effects on the hydrostatic
strength of 2D Voronoi foams and the bulk modulus of Kagome
grids. Speciﬁcally, broken ﬁbers of 5% leads to about 25–32% reduc-
tions in the moduli and strengths of MFSSs, as opposed to reduc-
tion of 94% in the hydrostatic strength of 2D Voronoi foams and
about 88% in the bulk modulus of Kagome grids. The discrepancy
can be explained as follows. The huge reduction in the properties
of the last two cases is attributed to the transition of the deforma-
tion mechanism of the unbroken cell edges from stretching to
bending due to the breaking of cell edges. However, the bending
dominated deformation mechanism of unbroken cell edges re-
mains unchanged for 2D Voronoi foams under uniaxial loading,
showing that their uniaxial yield strength is much less defect sen-
sitive (Chen et al., 1999; Symons and Fleck, 2008). For MFSSs under
both uniaxial and equi-biaxial loadings, broken ﬁbers up to 10%
does not change the deformation mechanism of other unbroken ﬁ-
bers (i.e., still under stretching as in perfect MFSSs), which explains
why the elastoplastic properties of MFSSs are insensitive to broken
ﬁbers.3.2. Separation of ﬁber joints
The ﬁnite element random beam model predictions and the
analytical predictions (i.e., Eq. (7)) to the effects of joint separation
on the mechanical properties of MFSSs are shown in Fig. 6(a)–(d)
for Young’s modulus, bulk modulus, uniaxial strength, and equi-
biaxial strength, respectively. The separated joints are randomly
selected in the numerical models but are assumed in Section 2.2Fig. 5. Numerical predictions of the effects of broken ﬁbers/cell edges on the
elastoplastic properties of MFSSs (solid symbols), C-distributed 2D Voronoi foams
(Chen et al., 1999) (open triangles), and Kagome grids (Symons and Fleck, 2008)
(open squares). The Young’s modulus, bulk modulus, uniaxial tensile strength,
hydrostatic tensile strength of materials with 1–10% of fractured ﬁbers are
represented by E0 , j0 , r0u, r0h, respectively, which are normalized by their
corresponding perfect mechanical properties without prime.
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analytical analysis. As is evident from Fig. 6, the analytical analysis,
though very simple, provides estimation as good as that from the
more realistic numerical model predictions for a even up to 30%.
One can see that all properties decrease linearly with the number
of separated joints increasing. With 30% of joints separated, the
elastic moduli and tensile strengths are only reduced by less than
10%. However, reduction in the compressive strengths is more sig-
niﬁcant, reaching about 30% for both uniaxial and equi-biaxial
compression. The results shown here are only for MFSSs with rel-
ative density of 25%. For other relative densities, however, the ef-
fects are found to be similar and can be also well represented by
Fig. 6 with relative difference of reduction no more than 20%.4. Effects of crack
4.1. Fracture toughness measurement
Using single edge bend specimens as shown in Fig. 4, the J inte-
gral versus crack length curves (i.e., J–a curves) of MFSSs with rel-
ative densities of 0.17, 0.27, and 0.32 are measured. The toughness
JIC is determined from the intersection between the 0.2 mm blunt-
ing offset line and the ﬁtted J–a curves. The measured JIC is then
deemed to be valid with the certain criteria provided in test stan-
dard (ASME, 2001) satisﬁed. The fracture toughness of MFSSs, to-
gether with the measured fracture toughness of titanium (Kashef
et al., 2010) and aluminum (Combaz and Mortensen, 2010) open
cell foams are shown in Fig. 7. It is seen that MFSSs are tougher
than aluminum and titanium foams, especially for low relative
densities. For a relative density of 0.17, the toughness is about
2.0 kJ/m2 for MFSSs and is at least 6 times of that of Ti foams
(i.e., 0.32 kJ/m2) and 3 times of Al foams (0.24–0.59 kJ/m2). How-
ever, the toughness of a MFSS with relative density of 0.32 is
around 3.1 kJ/m2, only about 1.5 times of the toughness of Ti and
Al foams. The underlying mechanism of higher fracture toughness
of MFSSs is investigated through numerical simulations in the fol-
lowing section. It should be noted that due to the limitation ofFig. 6. Numerical and analytical model predictions of the elastoplastic properties of MFS
(c) uniaxial yield strength, and (d) equi-biaxial yield strength. All quantities are normalavailable specimens, only one measurement was conducted for
each relative density. Therefore, readers are advised to be cautious
when trying to quantitatively compare the experimental results
with any theoretical and numerical predictions.
4.2. Numerical simulation
4.2.1. Crack tip plastic zone of MFSSs
To better understand the fracture process in MFSSs, the crack
tip plastic zone of MFSSs is predicted by using both a center-
cracked numerical model of relative density 0.15 and an analytical
approach as follows. With the nominal stress applied on a center-
cracked MFSS specimen deﬁned as rfar (total reaction force divided
by the specimen section area), the stress intensity factor K for pres-
ent conﬁguration (middle crack w=a ¼ 3, see Fig. 2(c)) can be cal-
culated through following equation (Murakami, 1986):
K ¼ 1:789rfar
ﬃﬃﬃﬃﬃﬃ
pa
p ð15Þ
The crack tip plastic zone can be roughly estimated by assuming
MFSSs as a continuum solids despite the micro-discontinuity (Chen
et al., 2001; Schmidt and Fleck, 2001). The crack tip stress compo-
nents comply with the classic linear elastic fracture mechanics solu-
tion (Sun and Jin, 2012):
r1ðr; hÞ ¼ Kﬃﬃﬃﬃﬃ2prp ½1þ sinðh=2Þcosðh=2Þ
r2ðr; hÞ ¼ Kﬃﬃﬃﬃﬃ2prp ½1 sinðh=2Þcosðh=2Þ ð16Þ
where r1 and r2 are principal stresses and the stress intensity fac-
tor K is given by Eq. (15). The 2D macroscopic yield function for the
in-plane elastoplastic behavior of MFSSs has the form of (Jin et al.,
2013)
r2m þ
3
4
r2e  r2ut ¼ 0
r2e ¼ r1  r2ð Þ2r2m ¼
r1 þ r2
2
 2 ð17Þ
where the rut is the uniaxial yield strength of MFSSs from (11), re
and rm are the planar effective Mises stress and mean stress. BySs as a function of the joint separation a (%): (a) Young’s modulus, (b) bulk modulus,
ized by the corresponding results without joint separation.
Fig. 7. Measured toughness JIC of MFSSs as a function of relative density. Also
included are the measured toughness of aluminum foams by Combaz and
Mortensen (2010) and titanium foams by Kashef et al. (2010).
Fig. 9. Numerically predicted uniaxial nominal stress versus nominal strain
responses of perfect and center-cracked MFSS specimens with different failure
criteria for the ﬁbers.
1952 M.Z. Jin et al. / International Journal of Solids and Structures 51 (2014) 1946–1953substituting Eqs. (15) and (16) into (17), we derived the plastic zone
boundary rp for MFSSs as,
rpðhÞ ¼ 0:4r
2
fara
r2ut
½2ð1þ cosðhÞÞ þ 3 sin2ðhÞ ð18Þ
The ﬁnite element model predicted plastic zone around the crack
tip for the central crack problem given in Fig. 2 subjected to far ﬁeld
tensile nominal stress rfar is shown in Fig. 8, where the crack is rep-
resented by the broken line with its tip located at (0,0) and the
coordinates are normalized by rp0 ¼ rpð0Þ. In Fig. 8, the plastically
yielded elements (ﬁbers) in the ﬁnite element model are denoted
by symbol ‘‘x’’ and the analytical prediction is included for compar-
ison (shown as solid line). It is seen that the elements with plastic
deformation are widely distributed in the ligament area rather than
localized around crack tip.
The above results are different from other cellular materials, in
which the analytical estimated plastic/failure zone generally
agrees with the corresponding numerical predictions (Cui et al.,
2011; Mangipudi et al., 2010; Schmidt and Fleck, 2001). The dis-
persed distribution of plastic ﬁbers from crack tip to the end liga-
ment is possibly due to the fact that the cell size variance in MFSSs
is much more signiﬁcant than that in other porous materials. Sub-
sequently, the stress concentration may occur both near the crack
tip and where there are longer ﬁbers or larger cells. Such a discrep-
ancy also implies that the stress concentration in MFSSs is less se-
vere, which partly explains why the measured fracture toughness
of MFSSs is higher than those of aluminum and titanium foams.
4.2.2. Sensitivity of failure to macro-crack
A central crack model in Fig. 2(c) is employed to investigate
whether the failure of a MFSS specimen is sensitive to crack. For
comparison, the responses of a model in absence of crack (i.e., a
perfect model shown in Fig. 1(c)) are also simulated.Fig. 8. Crack tip plastic zone estimated by Eq. (18) and plastically yielded ﬁbers/
elements predicted by the numerical model (marked by symbol ‘‘x’’).In this section, the ﬁbers are modeled as elastically perfect plas-
tic and with different uniaxial plastic failure strains to mimic dif-
ferent levels of ductility. The adopted failure strain ef criteria are:
a ﬁber element loses its load capacity when its uniaxial plastic
strain reaches 6rys=Es, 3rys=Es, or rys=Es, respectively. Here,
ef ¼ 6rys=Es implies more ductile while ef ¼ 3rys=Es and rys=Es
correspond to less ductile. The purpose of simulating materials
with different failure strains is to illustrate how sensitive the mac-
roscopic failure of MFSS is to the adopted failure criterion of ﬁbers.
Fig. 9 shows the predicted nominal uniaxial tensile stress–strain
responses of the perfect model and the center-cracked model sub-
ject to uniaxial loading in the vertical direction to the crack. The
linear elastic responses are shown as heavy solid and broken lines.
As expected, the perfect model can bear higher nominal stress be-
fore failure than the center-cracked model. Most interestingly, as
shown in Fig. 9, the maximum nominal stresses of the central crack
specimens are about 63–67% of the maximum stresses of the cor-
responding perfect specimens. Speciﬁcally, the ratios of the maxi-
mum stress of a central crack specimen to a perfect specimen are
70%, 67% and 63% for the failure strains of efEs=rys is 1, 3, and 6,
respectively, where ef is the plastic failure strain. These ratios are
close to 2/3 – the ratio of the un-cracked ligament length to the to-
tal width of the central crack specimen. Thus, the strength of a
MFSS specimen with a central crack depends mainly upon its un-
cracked ligament size, indicating MFSSs are insensitive to the pres-
ence of cracks.5. Conclusions
The effects of two micro defects (broken cell edges and separa-
tion of ﬁber joints) and one macro defect (crack) on the elastoplas-
tic properties of MFSSs are investigated by numerical simulation,
analytical modeling and experimental testing. The numerical mod-
els are obtained by introducing different types of defect into the
previously developed random beam model for MFSS (Jin et al.,
2013). It is found that the elastic moduli (i.e., Young’s modulus,
bulk modulus) and yield strengths (i.e., uniaxial and hydrostatic
strengths) decrease linearly with the increase of broken cell edges
in MFSSs. Compared to 2D Voronoi honeycombs and Kagome
foams, MFSSs are much less sensitive to the defect in the form of
broken cell edges. As to the effects of separation of ﬁber joints,
an analytical model is developed and its predictions on the reduc-
tion in elastic moduli and yield strengths under uniaxial and
hydrostatic loading agree well with the ﬁnite element modeling.
In general, the mechanical properties of MFSSs are only slightly
inﬂuenced (<10%) by separation of joints up to 30%. The compres-
sive strength rather than tensile strength of MFSSs is more sensi-
tive to defects.
M.Z. Jin et al. / International Journal of Solids and Structures 51 (2014) 1946–1953 1953The fracture tests and numerical simulations show that MFSSs
have superior resistance to the macro defect-crack. The measured
fracture toughness of MFSSs is much higher than that of aluminum
and titanium foams of the same relative density. The high tough-
ness of MFSSs is further supported by numerical simulations: with
tensile load applied on a center-cracked MFSS specimen, ﬁbers
with plastic deformation are widely distributed in the ligament
rather than concentrated around the crack tip. In addition, the fail-
ure of a center-cracked MFSS specimen is found to be governed by
its un-cracked ligament size and is insensitive to the presence of
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